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ABSTRACT: A recent communication from our laboratory Initiator residue drives self-assembly and encodes breakdown

demonstrated that the presence of a small hydrophobic initiator O &

residue (core) in water-soluble telechelic dibromo homopolymers "® e~ ©OOOOHEGSS8S® -~ e
can drive their self-assembly in aqueous solution into micelle-like

nano-objects in which polymer chains adopt a folded conformation.
Centered on the use of site-selective cleavable difunctional initiators, T{ site-selective cleavage
we demonstrate herein that this approach offers bottom-up and
facile access to multistimuli-sensitive nanostructures for effective W, ‘
cargo delivery. Here, we first report the synthesis of homopolymers Controlled cargo(s) release Time ()

and copolymers encoding hydrophobicity and cleavable sites in their

initiator residue in a precise sequence by single-electron transfer living radical polymerization (SET-LRP) from oligo(ethylene
glycol) (macro)monomers. Employing a designed acid pH/UV light dual-cleavable initiator integrating a 2-nitroresorcinol diacetal
sequence enabled on-demand middle-chain scission of the polymer chains and hence rapid/slow breakdown of the assemblies upon
appropriate stimulation. Additionally, the possibility to interrogate binary co-delivery systems sequence-encoded with complimentary
reactivity with combinatorial stimuli not only allows for fine-tuning the guest molecule release kinetics but also provides a
mechanism to achieve control of their release behavior when different cargos are loaded.

Homo/random polymer nanoassemblies

Cargo released (%)

\/ Dual and multi-responsiveness

B INTRODUCTION ABCP-mimicking systems based on single monomeric units,

" 3 . i.e, homopolymers, containing both hydrophilic and hydro-
The great wealth of fascinating self-assembly behavior observed phobic moieties O] Like amphiphilic AB or ABA copolymers,

in amphiphilic macromolecular structures comes from the hiohilic h ! 46 Iv desioned
covalent linking of dissimilar hydrophilic, or water-soluble, and AmpRIPALIC ROMOPOYmErs prepared rom properly designe

12-1 . . ;
. . o . . lternatively b dul difica-
hydrophobic constituents within a single polymer chain and so MONOMELs or afternatively by usiig moduwiar moduica
forcing them to live next to each other.' ™ Like their small- tions ﬁto g repeatmghlllél 1ggstructure nap OStPOIYI;enzatfn
| dificati ~” have b hown to self- 1

molecule surfactant analogues, the solution self-assembly of ;E?olvszlllo;eggggoaganos truc::;rees e::aiircl) chnie i(s)sr:irsline
these macromolecular amphiphiles can lead to a variety of materials for applications in which a ueougs solutionpassemblg
nanoaggregates, such as spherical micelles, vesicles, and worm- PP q 4

. . is a requirement, e.g., drug loading and release, sensing, and
like structures, to reduce energetically unfavorable hydro- ! doe0 oo =8y 108 & 7 &

. . .4 . . catalysis. " In addition to the monomer-induced approach,
phobic/water interactions.” Such morphologies have capti-

vated the attention across many scientific disciplines from self-associative fully hydrophilic homopolymers prepared by

terial . to biol d by thei labl the LRP of universal water-soluble monomers, such as
matena’s sfc1lencet ° 1tot<)>'%}’ ’ ar(:ius}lg h ly d.elr remarka p ¢ triethylene glycol acrylate, N-isopropyl acrylamide, and oligo-
property of long-term stability and high loading capacity for (ethylene glycol) methyl ether acrylate (OEGA), are attractive
guest species. Macromole§ular amp }_np hiles are even more alternative options.”' > In such a special class of amphiphilic
attractive when endowed with the ability to sense and respond homopolymers, aggregation in aqueous medium is driven by
to different stimuli, such as temperatlglieg, light, pH, and gases, the presence of hydrophobic end groups, ie., end-group-
among othejrs, in a prescribed fashion.” ™ A review in this field, induced approach, introduced through chain transfer agents or
however, will reflect that decades of fundamental research have

mostly revolved around well-defined amphiphilic block
copolymers (ABCPs) prepared by living radical polymerization
(LRP) techniques. However, is there any chance to encode
homopolymers, which are more readily synthesized, with self-
assembling behavior?

To address this question, intensive studies have been
undertaken in recent years to design and synthesize simplified
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A Self-assembly of ATPs by “hydrophobic-core-induced” approach
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Figure 1. Programming hydrophilic telechelic polymers with self-associative character and stimuli-response. (a) Schematic representation of ATPs
prepared from DI by SET-LRP and their hydrophobic-core-induced self-assembly to form micelle-like assemblies with the DI residue forming the
hydrophobic core. (b) Chemical structures and symbol codes for the hydrophobic and flexible stimuli-cleavable difunctional initiators (DIs) used
herein. Color code: blue as hydrophilic and water-soluble, green as hydrophobic and water-insoluble, red as acidic pH-sensitive acetal linkages,
purple as UV-light-sensitive 2-nitroresorcinol-derived linkages, and orange as reduction-sensitive disulfide linkages.

initiators containing aromatic or aliphatic groups. However, to
our knowledge, no interest was reported on molecular
engineering at the center of fully hydrophilic homo/co-
polymers with the primary goal of introducing amphiphilicity.
In this sense, by taking advantage of single-electron transfer
living radical polymerization (SET-LRP),**">* we have
recently proposed a simple design strategy for associative
telechelic polymers (ATPs), that is, hydrophobicity to program
self-assembly steams from the initiator residue precisely
positioned within the two hydrophilic arms of a homote-
lechelic polymer (Figure 1A).>” Although this ABA framework
may resemble conventional amphiphilic triblock copolymers, it
is incorrect to consider that because in these ATPs the central
block B has a monodisperse nature and is very small. Our
findings led us to propose that the tiny core unit, despite
representing a low volume fraction of the homopolymer, drives
tully hydrophilic telechelic polymer chains to self-assemble into
micelle-like nanoassemblies in which polymer chains adopt a
folded conformation, i.e., “hydrophobic-core-induced” ap-
proach (Figure 1A). More importantly, the careful design of
the initiator residue may also provide a useful approach for the
control of their degradatlon, which could be amenable to the
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generation of stimuli-responsive drug carriers.”’ In a
preliminary communication,” a showcase acidic pH sensitive
hydrophobic and flexible a-haloester difunctional initiator
(DI, in Figure 1B) was used to deliver biocompatible OEGA-
derived ATPs capable of spontaneously organizing into
micelle-like nanoassemblies upon dissolution in water.
Delightfully, the site-specific pH-triggered cleavage of any of
the two acetal linkages in the symmetric polymeric arrange-
ment dramatically modifies the amphiphilic balance; i.e., acetal
hydrolysis splits the polymer chain into two equally sized
fragments, further resulting in the breakdown of nano-
assemblies.

Given the possibility to rationally design and synthesize
telechelic dibromo homopolymers from sequence-encoded DIs
with single->*~** and multistimuli-responsiveness’* using LRP
techniques,”® we speculated that the hydrophobic-core-
induced approach could represent an efficient bottom-up
strategy to produce smart ATP-based nanocarriers. In this
article, a pH/UV-light dual-type cleavable a-haloester difunc-
tional initiator DI, ,;, in which the structure is shown in Figure
1B, integrating a 2-nitroresorcinol acetal (NRA) sequence
inserted between the two initiating points allowed for the

https://dx.doi.org/10.1021/acs.macromol.0c01400
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A SET-LRP synthesis and self-assembly of ATPs1-3

Br,mnﬁr Self-assembly
Br . . . in water
"l I s ||| Al
y —_— i
0 o SET-LRP o by dJ g

Cu(0) wire/Meg-TREN
DMSO

OEGA J <«— =150 nm — . :
B -Bi
nanoassemblies SAMs
DEGA ATP1 (x=0, y=20); ATP2 (x=20, y=0);
ATP3 (x=40, y=7) morphology
B Critical aggregation concentration C Size D Visualization
500 500 1.0mg-L?
Fa00 m" ATP3
s D, =155 nm
— 400 12" PDI =0.23
5 £ 200
s 300 E 100 {/\
2 ° 1E6mal’
@ 560 610 660
5 200 Wavelength (nm)
£
T 100
04 ATP3
1 CAC:3.5mg-L"
1E-6 1E-5 1E4 1E-3 0.01 0.1 1.0 10 100 1000 10000
Concentration (mg-L-) Size (d.nm)

Figure 2. Use of the sequence-encoded hydrophobic initiator DI, to program self-assembly and stimuli-triggered response of hydrophilic
telechelic homo/random ATPs. (A) Schematic representation for the SET-LRP synthesis of APT1-3 from DEGA and OEGA using the
difunctional initiator DI, ,; and subsequent assembly of pH/UV dual stimuli-responsive nanoassemblies by direct dissolution in water at 1 mg-
mL™". (B) Fluorescence intensity of NR at 625 nm (4., = 550 nm) vs ATP3 concentration (mg-mL™"). (C) Representative DLS size distribution
by intensity measurement and (D) TEM image with negative staining using phosphotungstic acid of an aqueous colloidal dispersion of ATP3 self-
assembled by direct dissolution in water at 1 mg-mL™". Scale bar in panel (D) is 100 nm.

Table 1. Characterization of the ATPs and Their Self-Assembly Parameters in Aqueous Media

ATP“ monomer(s) initiator  stimuli-response  conv.” (%) M, (kDa) M,/M,° DIR? (wt %) D, (nm) PDI¢ CAC? (mg'L™")

1 OEGA DI,/ pH/UV 90 9.5 1.24 5.3 167 0.19 2.9

2 DEGA DI, pH/UV 86 4.3 1.23 11.6 345 0.40 3.5
165 023

3 OEGA/DEGA DI,/ pH/UV/T 89 12.1 1.23 4.1 155 0.23 3.1

4 OEGA Dl 93 10.8 118 16 6 023 nd

S OEGA DI, pH 94 9.4 121 3.5 110 0.13 0.7

6 OEGA DI, pH/reduction 89 9.1 1.26 6.2 196 0.21 1.3

“Polymerization conditions: OEGA = 0.5 mL, DMSO = 0.25 mL, and [OEGA],/[DI],/[Mes-TREN], = 20/1/0.2 (for ATP1,4—6), DEGA = 0.5
mL, DMSO = 0.25 mL, and [DEGA]y/[Dl,, ]o/[Mes-TREN], = 20/1/0.2 (for ATP2), and OEGA = 0.2 mL, DEGA = 0.4 mL DMSO = 0.25 mL,
and [DEGA]y/[OEGA]y/[Dl,, ]o/[Mec-TREN], = 40/7/1/0.2 (for ATP3). In all cases, 4.5 cm hydrazine-activated Cu(0) wire (20-gauge
diameter) was used. “Determined by '"H NMR. “Determined by GPC in THF using PMMA standards. dWeight fraction of the hydrophobic
initiator residue in the whole hydrophilic ATP. “Determined by DLS in water at 25 °C. /Measurement conducted at 0 °C. £Critical aggregation
concentration determined by fluorescence spectroscopy using Nile Red as a probe.

preparation of a series of di(ethylene glycol) ethyl ether of binary mixtures of various loaded nanoassemblies,
acrylate (DEGA)- and OEGA-derived telechelic homo- and programmed in the synthetic step with stimuli-responsive
random copolymers via SET-LRP. The ability of the newly sequences allowing for complementary reactivity, has great
formed ATPs to self-assemble and encapsulate model hydro- potential as a tool for building smart platforms for cocktail
phobic compounds in aqueous media was investigated to drug delivery.

emphasize the effect of both the initiator residue and polymer
chain on the self-assembly. Further, the dual fast-slow B RESULTS AND DISCUSSION

responsiveness of the NRA unit, precisely inserted within the Synthesis of Homo- and Random ATPs. Synthesis of
telechelic polymer, has been investigated pursuing to homo/random ATP1-3 with pH/UV dual stimuli-breakable
intelligently deliver encapsulated hydrophobic model com- hydrophobic core units is depicted in Figure 2A. Cu(0)-
pounds in response to acidic pH and UV-light exposure either mediated SET-LRP is a versatile synthetic tool that enables the
applied individually (steady or intermittently), simultaneously, preparation of vinylic polymers with precisely defined complex
or successively. Finally, it has been demonstrated that the use molecular architectures and chain-end fidelity.”*~*® Hence,
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Figure 3. Synthetic strategies for the stimuli-cleavable difunctional initiators used in this work. Color code: green as hydrophobic and water-
insoluble, red as acid pH-, purple as UV-light-, and orange as reduction-sensitive linkages.

using the difunctional initiator DI, in which an NRA unit
bridges the two a-haloester-type initiating sites, the SET-LRP
technique was employed herein to polymerize the nontoxic
OEGA (M, = 480 g-mol_l) and DEGA monomers, aiming to
provide two well-defined symmetric homopolymers showing
different water solubilities (ATP1 and ATP2, respectively)
(Table 1).

Poly(OEGA) is a highly hydrophilic homopolymer, which is
soluble in water at any temperature up to 100 °C, whereas
poly(DEGA) demonstrates a low critical solution temperature
(LCST) close to 0 °C, and therefore is hydrophobic at
ambient temperature.”’ As previously reported,” DI, was
synthesized following a two-step procedure, in which 1,4-
butanediol vinyl ether is first esterified with 2-bromopropionyl
bromide and subsequently reacted with 2-nitroresorcinol in the
presence of pyridinium p-toluenesulfonate (PPTS) (Figure
3A).

In principle, the NRA sequence can be chemo (acid
hydrolysis)- and photo (UV to near-infrared regime)-cleaved
to generate the corresponding alcohols, 2-nitroresorcinol, and
acetaldehyde (Figure S1).>>*® In both experiments, the total
degree of polymerization (DP) was set as 20 (10 for each two
initiating sites). Under classic SET-LRP conditions,”** i.e., a
homogeneous reaction mixture in DMSO using a Cu(0) wire
catalyst and tris[2-(dimethylamino)ethyl]amine (Mes-TREN)
ligand, the two homopolymerizations proceeded rapidly and
most of the vinylic monomer was consumed after 2 h
(monomer conversion of ~90%, Table 1). GPC character-
ization of the final dialyzed products revealed monomodal
GPC curves corresponding to M,“*¢ = 9.5 kDa (M,,/M, =
1.24) and M, ®*C = 4.3 kDa (M,/M, = 1.23) for ATP1 and
ATP2, respectively, suggesting that both monomers poly-
merized successfully from DI, and that SET-LRPs were
controlled (Table 1).

As a representative example, the kinetics of the polymer-
ization reaction of DEGA was monitored by 'H NMR. GPC
was employed to follow the evolution of the molecular weight
distribution. As can be seen in Figure S2, the polymerization
achieved near 90% conversion in 120 min. It can be seen that
the molar mass of the polymer increased monotonically and
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agreed well with the theoretical values calculated from
monomer conversion assuming 100% initiator efficiency
(Figure S2, right panel). Moreover, the evolution of
In([M],/[M]) versus reaction time showed a linear correlation
(left panel). Such a kinetic behavior is consistent with a
constant concentration of active species throughout the entire
reaction, the absence of major side reactions, and consequently
a well-controlled radical polymerization. Based on the
successful synthesis of telechelic homopolymers, a random
copolymerization of both monomers ([DEGA],/[OEGA],/
[DI,/]o/[Mes-TREN], = 40/7/1/0.2) was performed under
similar conditions, aiming at building up a nontoxic
thermoresponsive copolymer ATP3 with LCST close to
body temperature.**~** The random copolymerization reached
90% after 2 h, as proven by 'H NMR spectroscopy, and GPC
analysis confirmed the presence of a monomodal copolymer
distribution with M,®"¢ = 12.1 kDa and M,,/M,, = 1.23 (Table
1). As expected, the '"H NMR spectrum of ATP3 in CDCl,
(Figure S3, lower spectrum), a good solvent for both the core
unit and copolymer chains, showed characteristic peaks
associated with the repeating unit structure, ie., 83,5 = 4.2
ppm, and middle-chain initiator residue, i.e., 65, = 6.7 and 5.4
ppm. However, pleasingly, in D,0, a selective solvent to the
hydrophilic poly(DEGA)-r-(OEGA) backbone (upper spec-
trum), the initiator residue peaks were strongly attenuated
suggesting that hydrophobic initiator residues were bent,
aggregated together, and confined in the polar hydrophilic
solution with the telechelic polymer chains being forced to
adopt a folded conformation (Figure 1A). These measure-
ments can be interpreted to indicate some associative character
of the ATPs investigated in the present study.

With three ATPs in our hands, we used ATP3 as a
representative example to survey whether the NRA sequence,
inserted between the two poly(DEGA)-r-(OEGA) arms, can
sense environmental acid pH and UV-light exposure
conditions in the dissolved state and undergo cleavage with
the subsequent split of the symmetric polymeric chain into two
equally sized fragments.”' In good agreement with the behavior
observed in a homologous buildup of poly(methyl acrylate),*
GPC traces revealed that the molar mass of the copolymer

https://dx.doi.org/10.1021/acs.macromol.0c01400
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suffered a remarkable decrease from 9.5 down to 4.2 kDa upon
acidic pH exposure for 1 h (50 mg of the polymer in 2 mL of
THF/0.1 M TFA solution) (compare black and red traces in
Figure S4). The same polymer, dissolved in THF, was
subjected to UV-light irradiation at 365 nm for 1 h. Also in
this case, GPC analysis of the resulting polymer revealed a shift
of the GPC trace to longer elution times compared with the
parent polymer as a result of the UV photolysis of NRA units
(purple trace in Figure S4). The above presented results
prompted us to study in detail the aggregation of the
synthesized polymers in aqueous solution in more detail.

Self-Assembly Study. Subsequent to the synthesis and
characterization of ATDPs, their self-organization in water was
investigated by a combination of fluorescence spectroscopy,
dynamic light scattering (DLS), and transmission electron
microscopy (TEM). The second evidence for self-assembly
was obtained from critical aggregation concentration (CAC)
studies conducted by tracking the fluorescence emission
intensity of Nile Red (NR) as a function of the ATP
concentration. As a representative example, Figure 2B depicts
how the fluorescence intensity at 617 nm rapidly increases
above a certain concentration of ATP3. Apparent low CAC
values ranging from 3.5 to 2.7 mg-L™! were determined from
the intersection of two straight lines, therefore confirming the
ability of the synthesized polymers to formulate assemblies
with good stability against dilution above a certain
concentration. The CAC values increased with an increase of
the DEGA content, indicating that higher hydrophilicity of the
polymer chain favors the formation of aggregates.

Next, we became curious about the size and morphology of
the formed aggregates. Initially, we focused our attention on
the study of OEGA containing polymers, i.e., ATP1 and ATP3.
In line with our previous study,” both systems were expected
to be amphiphilic in character with a large solubility difference
between the two polymer arms, either poly(OEGA) or
poly(DEGA)-r-(OEGA), and the monodisperse sequence-
defined DI, initiator residue. Hence, the corresponding
aqueous polymer solutions, prepared by direct dissolution at a
concentration much greater than the CAC (1 mg:mL™"), were
studied. In both cases, we noted completely transparent colloid
dispersions at 25 °C. DLS measurements confirmed the
presence of nanoaggregates with an average hydrodynamic
diameter (Dy,) value of ca. 160 nm (167 nm for ATP1 and 155
nm for ATP3), which is a much larger particle size than that
expected for simple core—shell micelles (Figure S5 and Figure
2C). Conversely, the DLS analysis of equivalent solutions
prepared in CHCI; showed the presence of polymer chains
rather than self-assembled nanostructures (Figure 4A).

In stark contrast, no aggregates were detected for telechelic
poly(OEGA) containing an ethylene glycol derived core
prepared from a control DI (DI, in Figure 1B) in both
solvents (Figure 4B). These observations support that the
presence of a monodisperse hydrophobic and flexible initiator
residue plays a crucial role for nanoassembly formation when
two fully hydrophilic chains are attached at their extremities.
Subsequently, TEM was used to visualize ATP nanoassembly
morphology. In the dried state, ATP1 and ATP3 created
nonuniform nanoparticles due to their nonregular spherical
shape according to TEM imaging (Figure 2D and Figure S6).
It is worth mentioning that the average D, of the nano-
aggregates measured by DLS (>150 nm) was much bigger than
the size estimated by TEM measuring the average diameter of
more than 2S single particles (<80 nm). Although small
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Figure 4. DLS analysis of ATPs in various solvents and
concentrations. (A) DLS curves of ATP1 (dashed line) and ATP3
(solid line) solutions in CHCl; (1 mg-mL™", 25 °C), (B) DLS curves
of ATP4 in CHCl, (dashed line) and H,O (solid line) at 1 mg-mL™",
25 °C, and (C) DLS curves of ATP3 nanoassemblies in aqueous
solution as a function of the polymer concentration (pH 7.4, 25 °C).

discrepancies in soft assembly size between DLS and TEM can
be attributed to the fact that measurements are conducted in
different states,"> such a huge difference might suggest that
ATPs 1 and 3 self-assemble at a concentration of 1 mg-mL ™" to
form nanogel-like spherical aggregated micelles (SAMs) with
many hydrophobic pockets that are interconnected by loose
hydrophilic chains within each SAM rather than simple core—
shell micelles. Note that the total length of the telechelic
polymer is much shorter than the half of D, determined by
DLS. This feature has been reported to occur in many other
macromolecular amphiphilic systems with poly(ethylene
glycol) and poly(N-isopropylacrylamide) hydrophilic seg-
ments.””**™* The nature of this particles allows deep
penetration of water, which is consistent with the above-
mentioned much smaller average particle sizes as measured
from TEM than from DLS as well as with the attenuation of
the 'H NMR signals of hydrophilic oligo(oxyethylene) side
chains when comparm% the spectra recorded in D,O and
CDCl, (Figure S3).**** Further, concentration-dependent
DLS measurements on ATP3 support the presence of nanogel-
like SAMs because they demonstrated that larger aggregates,
ie, aggregates of aggregates, formed when the polymer
concentration was higher than 1.0 mg:mL™', eg, 197 and
420 nm at 5 and 20 mg'mL™', respectively (Figure 4C). In
contrast, DLS measurements at lower concentrations revealed
a decrease in aggregates size, which suggests a transition from
multicore SAM nanoassemblies, to simple spherical micelles,
and then finally to random coils upon dilution. These
observations indicated that polymer concentrations have a
significant effect on the self-assembled nanostructures.
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Next, we focused our attention on the self-assembly behavior
of ATP2, a telechelic homopolymer containing two poly-
(DEGA) arms with LCST close to 0 °C. This polymer formed
in water (1 mg:-mL™") a turbid emulsion-like suspension rather
than a transparent colloid dispersion. As expected, DLS
analysis at room temperature demonstrated the presence of
nanoparticles with increased size of ca. 350 nm and much
broader distribution (PDI = 0.34) compared with ATP1 and
ATP3 (Figure S7, blue line). TEM allowed imaging the sphere-
like large aggregates formed at room temperature (Figure S8).
However, decreasing the temperature of the solution to 5 °C, a
value close to the LCST of poly(DEGA), did significantly
change the size of the formed aggregates toward smaller
nanoaggregates (345 versus 165 nm) with lower PDI (0.34
versus 0.21) (Figure S7, red line). At low temperature, many of
the poly(DEGA) chains change from a hydrophobic state to a
swollen hydrophilic state, and this transition decreases
hydrophobic effects, further driving the assembly of the
polymer by folding of the symmetric telechelic architecture.*’
This viewpoint, but in a completely opposite way, was also
confirmed by examining the temperature-response behavior of
the random copolymer ATP3 in aqueous solution (Figure S,
vide infra for details). This is powerful evidence that not only
hydrophobicity of the initiator residue but also hydrophilicity
of the polymer chain dominates the self-assembly of the ATPs
studied herein. In view of the previous discussions, we
anticipated pH/UV dual stimuli-responsiveness for all the
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Figure 5. Thermoresponsive behavior of ATP3 nanoassemblies. (A)
Digital images captured at 25 and 45 °C show the temperature
responsiveness of ATP3 nanoassemblies. (B) Transmitted laser light
intensity (green circles, measured by UV) and hydrodynamic
diameter (filled and open blue squares, measured by DLS) vs
temperature for ATP3 self-assembled in water by direct dissolution (1
mg-mL™"). Digital images captured at 25 and 45 °C show the
temperature responsiveness of ATP3 nanoassemblies.
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synthesized ATP nanoassemblies whose hydrophobic core
sequence contains an NRA unit. Even so, we chose the
nontoxic random copolymeric system ATP3 for subsequent
investigations because in addition it was programmed with
thermoresponsiveness.

Thermoresponsive Behavior of ATP3 Nanoassem-
blies. As mentioned above, it was visualized that the
transparent colloid dispersion of random copolymer ATP3 in
water (1 mg:mL™") became opaque when the sample was
heated at 45 °C (Figure SA). However, following a
temperature decrease back to room temperature, the turbid
solution became transparent again. This so-called thermores-
ponsive behavior is a common feature of random co-polymers
of DEGA and OEGA, rending them attractive for cargo
delivery especially in medical applications.**~***° Thermores-
ponsive polymers become insoluble when the temperature
increases above a critical temperature, i.e., LCST, due to the
coil-to-globule transition.”’ The LCST of such random co-
polymers can be precisely programmed to be at a specific
temperature near human body temperature by varying the co-
monomer composition in the feed.”” The thermoresponsive
behavior of ATP3 nanoassemblies was studied in more detail
using temperature-dependent UV/vis turbidimetry and DLS
measurements (Figure SB). Upon heating, the transmittance of
the colloid dispersion decreased, reaching a 50% decrease in
optical transmittance, ie., LCST, at 35 °C. A light trans-
mittance decrease from 99 to 1% was observed when
temperature increased from 20 to SS °C (circles in Figure
SB). Temperature evolution of D; was also monitored
throughout the heating process (filled blue squares). In the
lower temperature range, the Dy, values were close to the initial
value (155 nm) and only increased slightly. However, the
values dramatically increased in the higher temperature range.
Opverall, the D, of the assembled nanoparticles increased from
155 up to around 500 nm at 5SS °C.

These results can be explained as follows. At low
temperature, the poly(DEGA)-r-(OEGA) chains in the
corona/inside the swelled nanoassemblies exist in random
coil conformations due to the intermolecular hydrogen-
bonding interactions between the polymer and water
molecules. When the temperature increases and passes through
the critical LCST, co-polymer chains shrank to a globular
structure because the intermolecular hydrogen bonds between
the polymer chains and water collapse, resulting in the
aggregation of collapsed dehydrated chains.”> Consequently,
ATP3 nanoaggregates, i.e, SAMs with multicore structures,
tended to form aggregates of aggregates with larger sizes in the
higher temperature range. DLS monitoring of the cooling
process confirmed the reversibility of the ATP3 thermores-
ponsive behavior (open blue squares).

pH/UV Dual Stimuli-Response of ATP3 Nanoassem-
blies. It was anticipated that the cleavage of the multiple NRA
units located at the hydrophobic cores of ATP3 nano-
assemblies can trigger their breakdown as a result of middle-
chain cleavage. Thus, their colloidal stability in acidic
environments was examined by DLS. An important size
decrease was observed after incubating ATP3 nanoassemblies
(1 mg-mL™") at pH 5.0 for 8 h, implying the decomposition of
the nanoaggregates caused by the disruption of the original
hydrophobic/hydrophilic balance via acid hydrolysis of the
multiple acetal linkages (compare black and red traces in
Figure 6A).”>** Interestingly, size evolution over 8 h of acidic
incubation was discontinuous. During the first S h, the Dy, of
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Figure 6. pH- and UV-light-triggered breakdown of self-assembled
ATP3. (A) DLS data of ATP3 self-assembled in water before (black
trace) and after applying pH = 5.0 (8 h, red trace) or UV-light
irradiation (3 h at 4 = 365 nm, purple trace) treatments. (B) DLS
profiles showing the evolution of size during the breakdown process
of ATP3 nanoassemblies under acidic conditions (red trace) and
exposure to UV light (purple trace).

the ATP3 nanoassemblies increased progressively from 155 up
to 1040 nm, but thereafter, the particles suffered an abrupt
decline in size. After long-time acidic incubation, a size
distribution centered at 6 nm was observed, hinting toward
mostly water-soluble copolymer unimers of half molecular
weight being present in solution (red line in Figure 6B). These
results confirm the occurrence of a slow and sustained pH-
triggered breakdown of the nanoassemblies and suggest that
the disassembly process obeys a swelling-to-crack mechanism.
To test UV-responsiveness, the same colloid dispersion was
illuminated at 365 nm. Also, in this case, the original
nanoassembly population disappeared, while a new population
with Dy, = 4 nm appeared (Figure 6B). However, the photolysis
disassembly process was much faster than acidic hydrolysis

since a size distribution with D}, below 10 nm could be found
after less than 3 h of steady irradiation.

ATP3 nanoassemblies also swell and increase in diameter
prior to irreversible breakdown, although the process was
much faster in this case. As a control, the size of SAMs had no
alteration after 6 h without stimulation (data not shown).
Therefore, the interest in these nanoassemblies resides in the
fact that not only they can break down in response to two
relevant internal/external stimuli but also their disassembly
rates under the effect of each of the two stimuli are very
different.

Next, to assess the possibility of utilizing these nano-objects
as smart containers to transport and release hydrophobic
guests in a controlled fast/slow manner, we investigated their
encapsulation/release capabilities under a variety of environ-
mental conditions. Thus, the fluorescent dye NR was selected
as the model molecule to be encapsulated into the ATP3
nanoassemblies by hydrophobic interactions since it is
insoluble and does not fluoresce in water, while it can exhibit
a high fluorescence intensity once encapsulated into hydro-
phobic pockets.” The NR loading and release characteristics
were studied by fluorescence spectroscopy. The loading
amount and encapsulation efficiency were 7.5 and 86.0%,
respectively. Upon stimulation with either acidic pH or UV
exposure, a decrease of the fluorescence intensity occurred,
indicating that NR precipitated from the aqueous solution as a
result of the scission of NRA units (Figures S9 and S1). The
NR release profile from polymer nanoassemblies, calculated
from the fluorescence decrease divided by the primary
fluorescence intensity, showed important changes with pH
value alteration (Figure 7A).

At pH 7.0, there was a slow release of about 18% of NR from
the loaded nanoassemblies over a period of 7 h. However, at
lower and more biologically relevant pH values, the release of
cargo dramatically accelerated due to a quicker acid hydrolysis
of the pH-sensitive acetal linkers. For example, at pH 6.0,
about 50% of the cargo was released after 7 h, while more than
90% of the loaded NR was released on the same timescale at
pH S5.0. In accordance with the DLS results, the UV-boosted
NR release displayed an abrupt and faster kinetic profile than
under any of the studied acidic environments (squares in
Figure 7B). A near quantitative NR release could be achieved
upon steady UV irradiation on the timescale of 2.5 h.
Furthermore, light is an attractive stimulus because of the
flexibility it offers in terms of the spatiotemporal control.*®
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Figure 7. Single-stimuli-triggered cargo release from ATP3-NR nanoassemblies. (A) NR release profile from ATP3 nanoassemblies in aqueous
solution upon applying pH 7.0 (triangles), 6.0 (squares), or 5.0 (circles) as a function of time. (B) NR release profile from ATP3 nanoassemblies in
aqueous solution upon applying either steady (squares) or intermittent (irradiation time: 10 min, circles) UV-light irradiation (4 = 365 nm) as a
function of exposure time.
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Figure 8. Multistimuli-triggered cargo release from ATP3-NR nanoassemblies. (A) Dual stimuli study: NR release profile from ATP3
nanoassemblies in aqueous solution upon applying pH 5.0 followed by UV-light irradiation (4 = 365 nm). (B) Triple stimuli study: NR release
profile from ATP3 nanoassemblies in aqueous solution upon applying pH 6.0, then increasing the temperature up to 40 °C, and finally irradiating

with UV-light (4 = 365 nm).

Hence, we subsequently investigated how the release of NR
could be temporally regulated by modulating the UV
illumination using intermittent light and dark exposure for
alternating 10/25 min on/off sequences. In this case, the decay
of fluorescence intensity occurred only during light-on periods
(Figure S10). As can be seen in Figure 7B denoted by the
circles, approximately 15% of NR was released after the first
period of UV stimulation. Dark exposure at this point resulted
in a nearly complete discontinuation of the release process. On
re-exposing the mixture after 35 min (dark period of 25 min),
the release process was restored with nearly the same rate.
Repeated light-on and light-off cycles, equating to a total
exposure time of 130 min, resulted in an NR release level
comparable with that obtained by steady UV-light illumination
(squares in Figure 7B). Overall, these results demonstrate that
the simple ATP3 system allows encapsulated hydrophobic
cargo(s) to be released in aqueous solution either rapidly
(burst release) by UV- or ultimately NIR-light exposure®® or
slowly (sustained release) upon applying acidic pH.

Multistimuli-Response of ATP3 Nanoassemblies. The
existence of a thermoresponsive poly(DEGA)-r-(OEGA)
hydrophilic corona and pH/UV dual stimuli-responsive cores
in ATP3 nanoassemblies makes the investigation of their
multiresponsiveness extremely attractive for fine-tuning their
stability toward precision drug delivery.”” As schematically
represented in Figure S11, multiple possibilities to regulate
cargo delivery/release behaviors are envisioned when varying
one or various of these parameters (temperature, pH, and UV
exposure) individually (steady or intermittently), simulta-
neously, or successively. As shown in Figure 8A, a
representative dual-stimuli release mode experiment demon-
strated that the NR release profile from ATP3 nanoassemblies
under acidic conditions (pH = 5.0) can be suddenly
accelerated by incorporating UV exposure. As a result, whereas
the NR release rate was slowing down gradually under an
acidic environment, reaching a level <60% after 100 min, under
co-triggered conditions (acidic pH + UV), NR release
accelerated and was nearly complete after a 40 min period of
UV exposure at pH 5.0.

Therefore, the combination of the two stimuli might be used
to conduct intermittent light-mediated pulsative administration
treatments during sustained therapies in biologically relevant
acidic compartments.”® Next, to demonstrate the potential of
cooperative stimuli strategies, acidic pH, temperature, and UV
exposure were successively applied in a cumulative fashion to
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an aqueous solution of NR-loaded nanoassemblies of ATP3.
Although temperature does not trigger disassembly, we
hypothesized that structural changes induced by the temper-
ature signal above the LCST, in turn, would also activate NR
release.”” As observed in Figure 8B, the NR release amount
was only about 30% after 120 min at pH 6.0 at room
temperature. However, a faster response was observed when
the solution was heated up at 40 °C, showing that the
temperature condition has an obvious regulating effect on drug
release. The cumulative percentage after 120 min at 40 °C was
about 60%. Then, the aqueous solution of the remaining NR-
loaded nanoassemblies was subjected to UV exposure. Under
co-triggered conditions, ie, pH, temperature, and UV, an
ultrafast and quantitative release of the remaining guest
molecules took place in less than 20 min of exposure. These
observations indicate that ATP3 nanoassemblies may be
particularly interesting to develop therapeutic drug delivery
systems taking advantage of the sequential as well as synergistic
combined use of internal stimuli (i.e., acidic pH and
temperature) and external stimuli (i.e., UV-light or ultimately
NIR irradiation) signals.

ATP-Based Co-Delivery Systems to Fine-Control the
Release of Loaded Cargo(s). Considering the rich side
variability possible for stimuli-responsive DIs,>' ™*° we
speculated that the use of binary mixtures of ATP nano-
assemblies programmed with complementary reactivity could
be an advantageous platform to fine-control the release of
loaded cargo(s). Herein, we present two proof-of-concept
experiments for the use of ATP-based co-delivery systems.
First of all, we synthesized two additional sequence-encoded
hydrophobic SET-LRP initiators DI, and DI/, in which
structures are shown in Figure 1B, following previously
reported procedures (Figure 3B,C, respectively).”> SET-LRP
initiator DI,, by integrating acetal linkages, was conceived to
further deliver ATPs sensitive only to acidic pH values,
whereas the preparation of DI,z pursued pH/reduction dual
stimuli degradation; i.e., it contains both acetal and disulfide
linkages. Note that pH and reductive environments have
received increasing attention owing to their advantages in
overcoming multiple biological barriers.”” The originality of
these initiators relies not only on their individual stimuli-
responsiveness but also on the possibilities that their
combinations with the pH/UV dual-sensitive initiator DI,
offer.”> Next, the newly synthesized initiators were used to
deliver two additional OEGA-derived ATPs containing acidic
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A Schematic of the cargo loading and release via different triggering steps
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Figure 9. Use of a co-delivery ATP system to dose the release of NR. (A) Schematic illustration design of the ATP3/ATPS co-delivery system to
dose the release of NR: (i) NR-loaded ATP3 and ATPS nanoassemblies, i.e, ATP3-NR and ATPS-NR, were individually prepared in aqueous
solution (pH 7.4) by the solvent evaporation method; (ii) both solutions were mixed at a 1:1 (v/v) ratio to deliver a binary mixture of loaded
nanoassemblies; and (iii) the NR release from the co-delivery system was investigated following two procedures: acidic pH treatment (pH 5.0 for 8
h at 25 °C) (route I) or sequential UV exposure (4 = 365 nm, 3 h) and acidic pH treatment (pH 5.0 for S h at 25 °C) (route II). (B) NR release
profile from the ATP3/ATPS co-delivery system in aqueous solution upon applying pH 5.0 at 25 °C (route I) as a function of time. (C) NR release
profile from the ATP3/ATPS co-delivery system in aqueous solution upon applying sequentially UV exposure (4 = 365 nm, 3 h) and acidic pH
treatment (pH 5.0 for S h at 25 °C) (route II) as a function of time. Digital images (a)—(f) show color changes through the different steps.

pH-sensitive (ATPS) and acidic pH/reduction dual-sensitive
(ATP6) functionalities positioned at the center of the polymer
chain. Both ATPs were easily prepared by SET-LRP under
strictly identical reaction conditions (catalyst, ligand, solvent,
monomer, DP) to those of ATP1 (Table 1). As expected, SET-
LRP reactions proceeded in a controlled fashion and afforded
well-defined telechelic polymers. Furthermore, the resulting
telechelic homopolymers were shown to form well-defined self-
assembled nanoaggregate structures in aqueous medium with
remarkable stability upon dilution (Table 1 and Figure S12).
Delightfully, the results of DLS measurements pointed toward
the possibility to address the sequential disassembly of selected
binary mixtures of these nanoassemblies, i.e, ATP3/ATPS and
ATP3/ATP6, by rationally exerting the proper two stimuli (see
Figure S13 and related text discussion). According to these
promising results, our first showcase experiment aimed to
precisely dose the release of NR, loaded in the self-assembly
step, into both pH/UV dual-sensitive ATP3 and pH-sensitive
ATPS nanoassemblies (Figure 9A). Importantly, after mixing
the two solutions at 1:1 (v/v), no precipitates were observed,
which means that NR remained loaded inside the nano-
assemblies (see digital images (a)—(c) in Figure 9A).
Encouragingly, different profiles were obtained for the NR
release from the co-delivery system after receiving pH (route I)
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or sequential UV/pH (route II) stimuli (Figure 9B,C,
respectively).

As can be seen in digital images (c) and (d) captured after
each step of route I, the characteristic bright red color of the
ATP3-NR/ATPS-NR mixture disappeared while vast red
precipitates of NR were observed at the bottom of the cuvette
after 8 h of incubation at pH 5.0. Fluorescence spectroscopy
measurements revealed that a sustained NR release took place
in one step under these conditions (Figure 9B). Hence, near
quantitative NR release occurred (93%) because both types of
nanoassemblies are prone to break down under acidic
conditions due to the presence of the acid-sensitive core. On
the other hand, a two-step release process was obtained by
successively exerting UV exposure and acidic pH stimuli
because, under these conditions, a sequential breakdown of
ATP3-NR and ATPS-NR nanoassemblies took place (Figure
9C). Gratifyingly, the NR release process only reached about
50% under photolysis conditions due to the selective
breakdown of the ATP3-NR nanoassemblies containing NRA
units. However, when medium pH turned acidic (pH S5.0), the
release process immediately reactivated and reached a level of
94% because of the hydrolytic disassembly of the remaining
ATPS-NR nano-objects. Digital images (c), (e), and (f) in
Figure 9A are consistent with these observations.
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Figure 10. Use of a co-delivery ATP system to individually release different loaded cargos. Schematic illustration design of the ATP3/ATP6 co-
delivery system to individually and sequentially release NR/CC: (i) NR-loaded ATP3 and CC-loaded ATP6 nanoassemblies, i.e., ATP3-NR and
ATP6-CC, were individually prepared in aqueous solution (pH 7.4) by the solvent evaporation method; (ii) both solutions were mixed at a 1:1 (v/
v) ratio to deliver a binary mixture of loaded nanoassemblies; and (iii) the sequential release of both dyes from the co-delivery system was
investigated following two procedures: sequential UV exposure (4 = 365 nm, 3 h) and reductive treatment (0.1 M DTT, S h) (route I) or
sequential reductive treatment (0.1 M DTT, S h) and UV exposure (4 = 365 nm, 3 h) (route II). Digital images (a)—(g) show color changes

through the different steps.

To further demonstrate the great potential of combining
different ATPs, we also attempted to address the release of
different dyes (cocktail-type system) by using mixtures of
nanoassemblies programmed with complementary reactivities.
NR, with a characteristic red color in nonpolar environments,
and curcumin (CC), giving a bright yellow color in nonpolar
environments, were used as model dyes with the purpose of
using vivid color changes to monitor the individual controlled
release of both hydrophobic dyes from a co-delivery system
based on ATP3 and ATP6 nanoassemblies (Figure 10). Briefly,
we first prepared a 1:1 (v/v) mixture of ATP3-NR and ATP6-
CC nanoassemblies by directly mixing the two colloid
dispersions. After mixing the two solutions, a mixed color
was obtained but no precipitates were observed, which means
that both NR and CC were still entrapped inside the
nanoassemblies after mixing (see digital images (a)—(c) in
Figure 10).

After a first step of UV illumination for 2 h (route I), the
brownish aqueous solution turned bright yellow and vast red
precipitates of NR were observed since only ATP3-NR
nanoassemblies broke down (see digital image (d) in Figure
10, route I). Only after the addition of DTT, ATPS-CC
nanoassemblies were progressively destroyed, which led to the
release of CC. Accordingly, the vivid yellow colored solution
was hardly detected since both dyes are insoluble in aqueous
solution in the absence of nanocarriers (see image (e) in
Figure 10, route I). The above results indicate that the release
of NR from ATP3 and CC from ATPS were independent of

each other by applying UV-reduction sequential stimulation. It
is worth mentioning that the release of the two guest molecules
could be also achieved in reverse order by applying first
reductive conditions and subsequently UV exposure (route II).
However, the color changing in this case was not as intense
(see digital images (c), (f), and (g) in Figure 10, route II).
Indeed, the simultaneous release of NR and CC could be
activated under acidic conditions as both systems are pH-
sensitive. In this case, a one-step progressive decoloration of
the solution was observed (data not shown). These results
further prove that the release behavior of two cargos can be
controlled separately by the selection of appropriate ATPs and
stimulation. Therefore, ATP co-delivery systems based on
nontoxic monomers are worth exploring for creating nanoscale
templates for advanced biomedical aé)plications based on
intracellular trafficking of drug cocktails. " Research in this line
will be reported in a forthcoming publication.

B CONCLUSIONS

Telechelic homopolymers with hydrophobic initiator residues
and hydrophilic arms can directly self-organize in water to
form micelle-like nanoaggregates in which polymer chains
adopt a folded conformation.”” Herein, we extend this
approach to the elaboration of site-selective middle-chain
cleavable ATP systems with the aim to control disassembly and
kinetics of cargo release. First, homo- and random symmetric
telechelic copolymers encoding hydrophobicity and respon-
siveness in their initiator residue sequences were synthesized
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from biocompatible DEGA and OEGA vinyl monomers. Using
Cu(0)-mediated SET-LRP, an acid pH/UV-light-sensitive
monodisperse hydrophobic sequence was incorporated into
the center of fully hydrophilic chains, resulting in a self-
assembly process in aqueous solution that drives the synthesis
of micelle-like aggregates with a clearly defined dual response.
A combination of NMR, GPC, fluorescence spectroscopy,
DLS, and TEM was first used to demonstrate that the driving
force for self-assembly into nanocontainers capable of
encapsulating hydrophobic guest molecules is provided by
the presence of a testimonial hydrophobic core (<5 wt % of the
overall polymer mass). These nanoassemblies possess a core
encoding a sequence-defined cleavage pattern that can be
disintegrated either rapidly, upon exposure of UV-light to
conduct burst or pulsatile release of encapsulated cargos, or
slowly through sustained cleavage of acetal linkages under
acidic conditions. In this case, cargo release was slow and
sustained but highly dependent on variation in pH. Indeed, the
random copolymerization approach was used to endow the
resulting nanoassemblies with thermoresponsive behavior
allowing further fine-tuning the cargo release mode. We also
demonstrated that co-delivery systems designed by combina-
tion of ATPs programmed with complementary reactivities,
i.e, UV-light/acid pH and UV-light/reduction, will find great
potential in applications in which precise control over drug
cocktails is a requirement.**" The wide range of difunctional
and multifunctional initiators and hydrophilic vinylic mono-
mers accessible by SET-LRP makes the future of this facile
accessible drug-delivery platform very promising for future
studies. We expect to expand soon this approach to the area of
biobased polymers using innovative biobased water-soluble
monomers”” as well as vinylic sugar-based monomers.”>*
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